Yamaguchi M, Kimura M, Li ZB, Ohno T, Takemori S, Hoh JFY, Yagi N. X-ray diffraction analysis of the effects of myosin regulatory light chain phosphorylation and butanedione monoxime on skinned skeletal muscle fibers. Am J Physiol Cell Physiol 310: C692-C700, 2016. First published February 24, 2016; doi:10.1152/ajpcell.00318.2015The phosphorylation of the myosin regulatory light chain (RLC) is an important modulator of skeletal muscle performance and plays a key role in posttetanic potentiation and staircase potentiation of twitch contractions. The structural basis for these phenomena within the filament lattice has not been thoroughly investigated. Using a synchrotron radiation source at SPring8, we obtained X-ray diffraction patterns from skinned rabbit psoas muscle fibers before and after phosphorylation of myosin RLC in the presence of myosin light chain kinase, calmodulin, and calcium at a concentration below the threshold for tension development ([Ca 2ϩ ] ϭ 10 Ϫ6.8 M). After phosphorylation, the first myosin layer line slightly decreased in intensity at ϳ0.05 nm Ϫ1 along the equatorial axis, indicating a partial loss of the helical order of myosin heads along the thick filament. Concomitantly, the (1,1/1,0) intensity ratio of the equatorial reflections increased. These results provide a firm structural basis for the hypothesis that phosphorylation of myosin RLC caused the myosin heads to move away from the thick filaments towards the thin filaments, thereby enhancing the probability of interaction with actin. In contrast, 2,3-butanedione monoxime (BDM), known to inhibit contraction by impeding phosphate release from myosin, had exactly the opposite effects on meridional and equatorial reflections to those of phosphorylation. We hypothesize that these antagonistic effects are due to the acceleration of phosphate release from myosin by phosphorylation and its inhibition by BDM, the consequent shifts in crossbridge equilibria leading to opposite changes in abundance of the myosin-ADP-inorganic phosphate complex state associated with helical order of thick filaments. myosin regulatory light chain; phosphorylation; X-ray diffraction; skinned fiber; twitch potentiation THE PHOSPHORYLATION OF MYOSIN regulatory light chain (RLC) is one of the important regulators of muscle contraction. In vertebrate skeletal muscle, although the main site of the activation resides in the thin filament, muscle performance depends on the history of contractile events. Following a brief tetanic stimulation, the isometric twitch tension of a fast skeletal muscle is enhanced and the speed of the initial rise of tension is accelerated, a phenomenon called posttetanic potentiation (PTP) (7). Staircase potentiation is a related phenomenon in which successive isometric twitches are potentiated during low-frequency stimulation (31). Perry and coworkers first discovered that myosin RLC can be phosphorylated by a specific enzyme, myosin light chain kinase (MLCK) (45, 49). Subsequent work showed that a single tetanus could lead to substantial phosphorylation of RLC (5), and that the ensuing decline of RLC phosphorylation was quantitatively correlated with the time course of decay of PTP (36). It is now established that skeletal MLCK is a calmodulin-sensing kinase that becomes activated by the elevated Ca 2ϩ level during the tetanus, and that knocking out the skeletal muscle MLCK gene virtually abolishes PTP (79). The phosphorylation of RLC in cardiac muscle is also considered to underlie the basis of twitch potentiation by ␣-adrenergic agents (22, 50), endothelin (54), and prostenoids (3, 53, 66), though the kinase responsible differs from that in skeletal muscle (79).
THE PHOSPHORYLATION OF MYOSIN regulatory light chain (RLC) is one of the important regulators of muscle contraction. In vertebrate skeletal muscle, although the main site of the activation resides in the thin filament, muscle performance depends on the history of contractile events. Following a brief tetanic stimulation, the isometric twitch tension of a fast skeletal muscle is enhanced and the speed of the initial rise of tension is accelerated, a phenomenon called posttetanic potentiation (PTP) (7) . Staircase potentiation is a related phenomenon in which successive isometric twitches are potentiated during low-frequency stimulation (31) . Perry and coworkers first discovered that myosin RLC can be phosphorylated by a specific enzyme, myosin light chain kinase (MLCK) (45, 49) . Subsequent work showed that a single tetanus could lead to substantial phosphorylation of RLC (5) , and that the ensuing decline of RLC phosphorylation was quantitatively correlated with the time course of decay of PTP (36) . It is now established that skeletal MLCK is a calmodulin-sensing kinase that becomes activated by the elevated Ca 2ϩ level during the tetanus, and that knocking out the skeletal muscle MLCK gene virtually abolishes PTP (79) . The phosphorylation of RLC in cardiac muscle is also considered to underlie the basis of twitch potentiation by ␣-adrenergic agents (22, 50) , endothelin (54) , and prostenoids (3, 53, 66) , though the kinase responsible differs from that in skeletal muscle (79) .
The physiological mechanism underlying twitch potentiation by RLC phosphorylation has been extensively studied (58, 60, 65) . In skinned striated fast muscle fibers, phosphorylation of RLC enhances force generation at a submaximal Ca 2ϩ concentration, owing to an increase in Ca 2ϩ sensitivity, but has no effect on maximally activated tension (62) . This property would enable intact fibers with phosphorylated RLC to increase in twitch force without increasing the magnitude of the Ca 2ϩ transient. Mechanical analysis revealed that phosphorylation of the RLC is associated with an increase in the rate of tension redevelopment after a quick release at low levels of activation, which is due to the enhancement of the rate of Ca 2ϩ -activated crossbridge attachment to binding sites on actin (38, 61) , while the rate of crossbridge detachment is reduced (43) .
Insight into how RLC phosphorylation influences the rate of crossbridge attachment came from structural analysis of thick filament regulated invertebrate striated muscles that are activated by phosphorylation of RLC (10) . Electron microscopy of tarantula thick filaments revealed that, under relaxing conditions, they are highly ordered structures in which the myosin heads are arranged in a helical manner such that the heads from axially neighboring myosin molecules appear to interact with one another. This helix order is disrupted by RLC phosphorylation (10) . Similar order-to-disorder transitions upon RLC phosphorylation have been observed in thick filaments of dually regulated Limulus muscle (33) , as well as rabbit skeletal muscle (34) . These observations led to the hypothesis that thick filaments in relaxed striated muscles of a wide range of animal species have a common structure in which the myosin heads are held down onto the thick filament core, and that RLC phosphorylation releases the myosin heads, allowing them to swing out towards thin filaments, thereby enhancing their probability of interacting with thin filaments (34, 38, 61) .
X-ray diffraction studies on tarantula skeletal and mammalian cardiac muscle fibers added structural support for the view that RLC phosphorylation shifts myosin heads towards thin filaments in the context of an intact myofilament array. In tarantula striated muscle, the (1,1/1,0) intensity ratio of equatorial reflections showed a significant increase upon thiophosphorylation of RLC (42) . In the mouse cardiac muscle, a similar increase in the (1,1/1,0) intensity ratio occurred following RLC phosphorylation (8) . However, these earlier X-ray diffraction studies were limited to analysis of equatorial reflections, but changes in myosin layer lines in these muscles expected on the basis of the observed order-to-disorder transitions of isolated thick filaments following RLC phosphorylation referred to above have not been reported. Furthermore, X-ray diffraction experiments on the effects of RLC phosphorylation on mammalian skeletal muscle have not been studied.
In this paper, we analyzed two-dimensional (2-D) X-ray diffraction patterns of resting skinned rabbit fast skeletal muscle fibers to test the hypothesis that RLC phosphorylation would induce correlated changes in layer lines and equatorial reflections within a physiological myofilament lattice consistent with the notion that myosin heads move from their ordered arrangement on thick filaments towards thin filaments. We also examined the effects of BDM on the diffraction patterns. This reagent has been shown to dephosphorylate RLC in intact cardiac muscle fibers (8, 41, 64, 66) , and we hoped to use it as a method of enhancing the diffraction signal-to-noise ratio due to RLC phosphorylation. The results showed that RLC phosphorylation caused a distinct order-to-disorder transition of thick filaments associated with a movement of myosin heads towards thin filaments. BDM, a known inhibitor of muscle contraction and myosin ATPase activity (19) , induced the reverse of these effects of phosphorylation apparently without dephosphorylating the skeletal RLC. These observations are discussed in the context of a unifying hypothesis for the apparent multiple effects of RLC phosphorylation and BDM on myosin structure and function.
METHODS

Solutions.
The relaxing solution used in this study was composed of (in mM) 4.7 Na 2ATP, 6.5 Mg-(methanesulfonate)2 (MgMs2), 10 EGTA, 55 K-(methanesulfonate) (KMs), and 20 PIPES (adjusted to pH 7). The phosphorylation solution was prepared by adding 2 M calmodulin (CaM), 0.15 M skeletal MLCK, and 10 M phosphatase inhibitor (tautomycin) to a solution with a subthreshold concentration of calcium for tension development (pCa 6.8) composed of (in mM) 4.9 Na 2ATP, 6.8 MgMs2, 10 EGTA, 5 KMs, 7.5 Ca-(methanesulfonate)2 (CaMs2), and 20 PIPES (adjusted to pH 7). The enzyme solution used for testing nonspecific binding of enzymes to myofibrillar proteins in muscle fibers was prepared by adding CaM and MLCK to relaxing solution. The BDM solution was prepared from the relaxing solution by adding BDM to a concentration of 10 mM.
Preparation and treatment of muscle fibers. Eight male rabbits (Japan White, slc:JW/CSK, Sankyo Lab. Industry) with age ranging 15-17 wk were used with the approval of the Institutional Animal Care and Use Committee of The Jikei University. The rabbits were killed by an intravenous injection of pentobarbiturates (120 mg/kg). Thin fiber bundles dissected from rabbit psoas muscle were chemically skinned for 3 h in a skinning solution prepared by adding 0.2% Triton X-100 to the relaxing solution. After the skinning, the bundles were transferred to the relaxing solution diluted to half-strength with glycerin and stored at Ϫ20°C. To detect the effect of phosphorylation on the myofibrillar structure without the complication of forcegenerating crossbridges, phosphorylation was achieved by incubating the fibers in the phosphorylation solution for 20 min at a pCa of 6.8, which is effective for activating CaM/MLCK but remains subthreshold for tension development. All the fibers used for studying the effect of phosphorylation on diffraction patterns were pretreated in 10 mM BDM solution for 10 min because BDM has been reported to decrease endogenous RLC phosphorylation level in cardiac muscle cells (8, 41, 60, 64) , although it emerged that our own results failed to demonstrate dephosphorylation of skeletal RLC with BDM (see below). X-ray diffraction analyses of fiber bundles were also performed before and after the treatment in the BDM solution to evaluate the effect of BDM. X-ray diffraction patterns were obtained from the fibers in the relaxing solution after CaM/MLCK or BDM was washed out by rinsing the fibers in the relaxing solution for more than 2 min.
X-ray diffraction experiment. X-ray diffraction experiments were carried out at BL45XU in SPring8 (Hyogo, Japan) using a setup summarized in Fig. 1 . Experiments were carried out at 20°C. At this temperature, PTP is reduced compared with that at body temperature but is still prominent (32) . Diffraction patterns were obtained from 4 -5 pairs of parallel fibers set in tandem along the X-ray beam with a mean center-to-center separation of 120 m between fiber pairs. This arrangement allows the X-ray beam to pass through many fibers to enhance the diffraction signal without compromising the fast diffusion of solutes into and out of the fibers (23). Images were recorded using an imaging plate system (BAS 2500, Fuji Xerox). The X-ray wavelength was 0.09 nm, beam size was 250 m wide and 150 m in height, and the specimen-to-detector distance was 1.8 m. The sarcomere length of each fiber bundle was adjusted to the desired value in the range from 1.9 to 2.7 m, guided by laser diffraction. Dithiothreitol (5 mM) and catalase (1,000 U/ml) were added to the solutions to minimize tissue damage from free radicals produced by X-rays (30) .
Two-dimensional electrophoresis of myosin light chains. The phosphorylation level of the myosin RLC was evaluated by 2-D electrophoresis as described by Gonzalez et al. (14) with slight modifications. Briefly, skinned fibers were put in a sample buffer consisting of 7 M urea, 2 M thiourea, 1% aminosulfobetaine-14 (ASB-14), 0.5% Triton X-100, 10 mM dithiothreitol, and 0.5% ampholyte (pH range 3-10). The pH of the first-dimension gel was in the range from 3.9 to 5.1. The second-dimension gel consisted of 4% stacking gel and 8 -16% gradient gel. After electrophoresis, myosin RLC was stained using antibody MF5 (55) after it was transblotted onto a nitrocellulose membrane. 
RESULTS
Effectiveness of the phosphorylation protocol.
The protocol used here to phosphorylate RLC has been extensively used and its effectiveness verified in previous studies (47, 62, 76) . To determine the effectiveness of our phosphorylation protocol, 2-D polyacrylamide gel electrophoresis of RLC was carried out to compare the results for untreated native fibers ( Fig. 2A ) with fibers treated with BDM ( Fig. 2B ) and fibers after phosphorylation (Fig. 2C) . The results showed that the phosphorylated RLC content after BDM treatment was unchanged relative to that of native fibers, while phosphorylation enhanced the ratio of phosphorylated RLC to unphosphorylated RLC by approximately fivefold. This suggests that BDM is unable to dephosphorylate mammalian skeletal RLC, and that the phosphorylating protocol does work in our hands.
Changes in layer lines in response to RLC phosphorylation. Figure 3A shows a representative composite image of 2-D X-ray diffraction patterns obtained before (left half) and after (right half) incubating fibers in the phosphorylation solution for 20 min. Figure 3B shows averaged profiles of the first myosin layer line scanned along the equatorial axes obtained before and after phosphorylation. This layer line arises from the helical arrangement of myosin heads around the thick filament backbone. The intensity of the first myosin layer line was lower after phosphorylation, and the decrease was particularly marked at around 0.05 nm Ϫ1 of reciprocal spacing along the equatorial axis. These effects of phosphorylation were not influenced by changes in sarcomere length (data not shown), showing that the changes did not involve interactions with thin filaments.
Changes in equatorial reflections in response to RLC phosphorylation. The equatorial reflections (1,1) and (1,0) are due to longitudinally oriented planes in the muscle filament lattice that pass through thick and thin filaments (1,1), and thick filaments only (1,0), respectively. Figure 3C shows the average (1,1/1,0) intensity ratios of equatorial reflections before and after the phosphorylation treatment, at short sarcomere length. The (1,1/1,0) intensity ratio increased significantly after phosphorylation and remained unchanged after washing out the enzyme. The (1,0) lattice spacing did not change significantly with phosphorylation (see legend, Fig.  3C ).
When unphosphorylated fiber bundles were stretched from short sarcomere lengths (range: 1.9 -2.2 m) to longer lengths (range: 2.35-2.6 m), the equatorial (1,1/1,0) intensity ratio increased from 0.23 Ϯ 0.015 (SE) to 0.37 Ϯ 0.038 (SE) as the lattice spacing is reduced and myosin heads are brought closer to the thin filaments. However, at the longer sarcomere lengths, the averaged equatorial (1,1/1,0) intensity ratio after RLC phosphorylation (0.37 Ϯ 0.025 SE) did not increase further (Fig. 3D) .
Effects of BDM on diffraction patterns. BDM has been shown to dephosphorylate proteins, including the RLC in intact cardiac muscle fibers (8, 41, 64, 66) , but it also reversibly inhibits muscle contraction (19, 20, 75) . Because glycerinated fibers prepared using a protocol similar to ours contain some endogenously phosphorylated RLC (47), we initially planned to enhance the diffraction signal-to-noise ratio in response to phosphorylation by attempting to use BDM to dephosphorylate the endogenously phosphorylated RLC. We found that BDM treatment significantly increased the intensity of the first myosin layer line at around 0.05 nm Ϫ1 of reciprocal equatorial spacing (Fig. 4A) , and this was associated with a significant decrease in the (1,1/1,0) intensity ratio of equatorial reflections (Fig. 4B) .
The observed effects of BDM on the diffraction pattern are nearly exactly opposite to those of phosphorylation described above, and thus appeared to be consistent with the intended dephosphorylation of endogenously phosphorylated RLC. However, unexpectedly, electrophoretic analyses of RLC from fibers before ( Fig. 2A) and after (Fig. 2B ) BDM treatment showed no difference in the level of RLC phosphorylation.
DISCUSSION
Significance of the changes in diffraction pattern due to RLC phosphorylation. Analyses of the X-ray diffraction patterns of the muscle fibers show the RLC phosphorylation leads to significant changes in both equatorial reflections and layer lines: an increase in the intensity ratio of the equatorial (1,1/ 1,0) reflections associated with a marked decrease in the intensity of the first myosin layer line at 0.05 nm Ϫ1 reciprocal spacing. BDM showed the reverse of these effects.
The observed increase in the (1,1/1,0) intensity ratio of equatorial reflections after RLC phosphorylation may be caused by the movement of myosin heads on the thick filaments towards the thin filament due to the phosphorylation of RLC. However, it may also be caused by the binding to thin filaments of residual MLCK after the phosphorylation solution washout. Although the skeletal isoform of MLCK lacks the amino terminal of the smooth muscle MLCK that has a pH3.9 pH5.1 pH 3.9 pH5.1 pH 3. The ratio of RLC-P to RLC as determined by the areas under the curves is 0.10. B: fibers treated with 2,3-butanedione monoxime (BDM) but not phosphorylated; ratio of RLC-P to RLC is 0.11. C: fibers after phosphorylation; ratio of RLC-P to RLC is 0.56.
high-affinity binding site for thin filaments (35, 40) which is responsible for its binding to thin filaments in smooth muscle cells, some workers (12, 17) reported that skeletal MLCK binds to thin filaments in the presence of CaM. Thus, binding of MLCK to thin filaments could increase the (1,1/1,0) intensity ratio, similarly to the effect of aldolase binding to thin filaments on the equatorial reflections (56) . However, we observed that the (1,1/1,0) intensity ratio did not increase significantly in the absence of Ca 2ϩ , reportedly the optimal condition for MLCK binding to thin filaments (12) , suggesting that it was not likely that MLCK was significantly bound to thin filaments under our experimental conditions. Moreover, the phosphorylation-induced increase in (1,1/1,0) intensity ratio showed sarcomere length dependence, being absent at long sarcomere length, and this behavior cannot be attributed to MLCK binding to thin filaments. Therefore, the observed increase in the equatorial (1,1/1,0) intensity ratio can be attributed to the radial shift of myosin heads towards actin. These changes in equatorial reflections associated with RLC phosphorylation observed here in skeletal muscle are consistent Vertical arrows point to the equatorial (1,0) and (1,1) reflections. B: averaged profiles of the first MLL before (thin line, n ϭ 9) and after (thick line, n ϭ 9) phosphorylation. MLL intensity is presented relative to the integrated intensity of the sixth ALL (at 5.9 nm
Ϫ1
). The integral of the averaged intensity from 0.040 to 0.11 nm Ϫ1 in reciprocal equatorial spacing was significantly lower after phosphorylation (*P Ͻ 0.05, t-test). Fiber bundles were obtained from the same rabbit, and the sarcomere lengths of the fibers were within the range of 1.9 to 2.6 m. C: mean equatorial (1,1/1,0) intensity ratios at short sarcomere lengths before (n ϭ 12) and after (n ϭ 11) phosphorylation. Bars represent standard errors of the mean (SE). The increase in mean (1,1/1,0) intensity ratio after phosphorylation is statistically significant (**P Ͻ 0.01, t-test). Sarcomere lengths were within the range of 1.9 to 2.2 m. The (1,0) lattice spacing (means Ϯ SE) was not significantly different before (41.6 Ϯ 0.26 nm) and after (42.0 Ϯ 0.39 nm) phosphorylation. Fiber bundles were obtained from the same rabbit. D: mean equatorial (1,1/1,0) intensity ratios at long sarcomere lengths before (n ϭ 5) and after (n ϭ 5) phosphorylation. Bars represent SE. The ratios were not significantly different (P Ͼ 0.05, t-test). Sarcomere lengths were within the range of 2.35 to 2.6 m. The (1,0) lattice spacing (means Ϯ SE) was not significantly different before (40.8 Ϯ 0.19 nm) and after (40.6 Ϯ 0.33 nm) phosphorylation. Fiber bundles were obtained from the same rabbit.
with earlier X-ray diffraction results in other types of muscle: tarantula muscle (42), the contraction of which is modulated by the phosphorylation of RLC, and in vertebrate cardiac muscle (8) , which is thin filament regulated.
The intensity peak of the first myosin layer line at around 0.05 nm Ϫ1 of reciprocal spacing in mammalian muscle can be explained by the sampling effect due to the orderly arrangement of myosin heads in the equatorial plane within the hexagonal myofilament superlattice (21, 24) . The observed decrease in intensity of this peak could be caused either by the disorder in the helix structure formed by myosin heads around thick filaments, or by the disorder in the alignment of the thick filaments in the equatorial plane following phosphorylation. However, the latter is not likely to occur because our phosphorylation procedure produced no active tension, nor a change in passive tension that could bring about a change in thick filament alignment. Also, the peak width of equatorial reflections did not increase noticeably, suggesting that lattice disorder did not take place. Therefore, the observed decrease in the intensity of the first myosin layer line can be attributed to the disturbance of the regular helical order of myosin heads on thick filaments. The fact that the effect of phosphorylation on myosin layer line was mainly observed on the intensity peak attributed to the lattice sampling, which is sensitive to many factors, including thick filament alignment and lattice disorder, may help to explain why this effect has not been reported in previous studies. Activation of MLCK with calcium below tension threshold, technical improvements in the experimental setup, and the use of synchrotron radiation probably contributed to our success in detecting these changes.
A phosphorylation-induced radial shift of myosin heads towards actin filaments inferred from the increased equatorial (1,1/1,0) intensity ratio shown earlier in tarantula and mammalian cardiac muscles (8, 42) , and confirmed here in mammalian skeletal muscle, does not necessarily imply that this movement originates from the helically arranged myosin heads on the thick filament. X-ray diffraction analyses have suggested that, in relaxed mammalian skeletal muscle, there are at least two populations of disordered myosin heads in dynamic equilibrium with an ordered third population helically arranged around thick filaments (72) . The radial shift could involve only these disordered myosin heads. Our observation that the phosphorylation-induced increase in equatorial (1,1/1,0) intensity ratio is concomitantly associated with a decrease in intensity of the first myosin layer line at 0.05 nm Ϫ1 reciprocal spacing strongly supports the hypothesis that this movement involves the detachment of phosphorylated myosin heads from their helically arranged positions in the thick filaments and their subsequent movement towards the thin filaments, as proposed earlier (34, 38, 42, 61) and refined by more recent work (26) . By linking order-to-disorder transition in the thick filaments to crossbridge movement towards the thin filaments within a physiological myofilament lattice, the present work makes a significant contribution to our understanding of the structural basis for tension modulation by RLC phosphorylation in striated muscles.
At long sarcomere lengths, the equatorial (1,1/1,0) intensity ratio failed to increase with phosphorylation, while the orderto-disorder transition of myosin heads on thick filaments remained unaffected. This suggests that phosphorylation can still detach myosin heads from thick filaments at long sarcomere lengths, but when myosin heads are brought closer to thin filaments as lattice spacing is reduced by the stretch, further movement of the phosphorylated myosin heads towards the thin filaments could no longer take place. These observations correlate well with mechanical analysis showing that the phosphorylation-induced increase in Ca 2ϩ sensitivity is reduced by an increased sarcomere length as well as by osmotic compression of the lattice spacing (76) , and that PTP is reduced at long fiber (51) or sarcomere (52) lengths.
Mechanism of action of BDM. In this study, we failed to dephosphorylate skeletal RLC with BDM even though many authors have reported on its effectiveness in dephosphorylating cardiac RLC in intact myocytes (8, 41, 64, 66) . The residual phosphorylation level in fibers treated for 10 min in 10 mM BDM (Fig. 2B) was no different from that in skinned fibers not ). The integral of the averaged intensity from 0.040 to 0.11 nm Ϫ1 in reciprocal equatorial spacing was significantly higher after BDM treatment (*P Ͻ 0.025, t-test). The sarcomere lengths of the fibers, which were from the same rabbit, were within the range 1.9 to 2.2 m. B: mean equatorial (1,1/1,0) intensity ratios before (n ϭ 16) and after (n ϭ 16) treatment with BDM. Bars represent SE. The decrease in mean intensity ratio after BDM treatment is statistically significant (*P Ͻ 0.
025, t-test).
Sarcomere lengths of the fibers, which were from the same rabbit, were within the range of 1.9 to 2.2 m. The (1,0) lattice spacing of the fibers (means Ϯ SE) was not significantly different before (42.6 Ϯ 0.20 nm) and after (41.6 Ϯ 0.18 nm) BDM treatment. treated with BDM ( Fig. 2A) . This suggests that BDM is unable to dephosphorylate RLC in the skinned skeletal muscle fibers, which differs in structure from cardiac RLC (67) . This possibility is further supported by the finding that skinned skeletal fibers can be fully phosphorylated even in the presence of 7.5 mM BDM (11) . Therefore, the observed effects of BDM on diffraction patterns are likely due to its inhibitory action on the contractile machinery (75) rather than to any action on RLC dephosphorylation.
In a previous X-ray diffraction study on the inhibitory action on muscle contraction of 10 mM BDM, a concentration sufficient to virtually abolish tetanic contraction, a decrease in the equatorial (1,1/1,0) intensity ratio similar to that reported here was observed in resting intact frog sartorius muscle using a weak X-ray source, but changes in myosin layer lines were not reported (75) . With the more intense synchrotron radiation used in the present study, we showed that BDM not only significantly decreased the equatorial (1,1/1,0) intensity ratio, but also significantly increase the intensity of the first myosin layer line at around 0.05 nm Ϫ1 of reciprocal equatorial spacing. The site of action of BDM in inhibiting muscle contraction has been localized to the myosin molecule (19) . BDM inhibits myosin ATPase as well as myofibrillar ATPase by acting as an uncompetitive inhibitor. It accelerates ATP hydrolysis and inhibits P i release by stabilizing the "weak" actin binding state myosin-ADP-inorganic phosphate complex (M.ADP.Pi), thereby increasing the steady-state concentration of this intermediate at the expense of the "strong" actin binding state myosin-ADP complex (M.ADP) (18) . Mechanically, BDM decreases the rate constant for crossbridge attachment (4), precisely contrary to the effect of RLC phosphorylation. In the presence of actin and in intact fibers, inhibition of P i release by BDM stabilizes the low-force actin-myosin-ADP.Pi (A.M.A-DP.Pi) state at the expense of the high-force states (A.M*.ADP.Pi or A.M.ADP) during activation, thereby weakening the interaction of actin and myosin and reducing tetanic force (37) .
Helical order of thick filaments requires myosin heads in the weakly actin binding M.ADP.Pi state (71) , in which the switch 2 element of the myosin motor domain is in the closed conformation (73) . This M.ADP.Pi is the state stabilized by BDM (18) . Thus, BDM acting on a resting muscle would be expected to shift the equilibrium of myosin heads towards the M.ADP.Pi state, thus promoting helical order of thick filaments. This shift in equilibrium would be at the expense of reducing the two populations of disordered myosin heads (72) . These changes in myosin head distribution would explain the observed increase in intensity of the first myosin layer line at 0.05 nm Ϫ1 reciprocal spacing, as well as the decrease in equatorial (1,1/1,0) intensity ratio induced by BDM. Blebbistatin is another uncompetitive inhibitor of myosin ATPase with similar properties to BDM. It also inhibits P i release from myosin by stabilizing the closed conformation of the switch 2 element of the myosin motor domain (29) and promotes helical order of thick filaments (74, 78) and the super relaxed state (68) .
Structural basis for the helical order of thick filaments. Recent cryoelectron microscopy in combination with 3-D reconstitution and atomic fitting have shown a common structural motif on the surfaces of thick filaments in striated muscles of animals ranging from invertebrates to mammals which resembles the structure of the smooth muscle myosin in the off state (1, 48, 69, 70, 77, 80) . In this motif, the two heads of each myosin interact with one another and with its S2 segment, the actin binding region of the "blocked" head interacts with converter region and the essential light chain of the "free" head, thereby preventing actin binding in the blocked head, while the ATPase activity in the free head is inhibited by preventing the movement of the converter needed for P i release (70) . These heads also interact with their S2 segments and those of neighboring myosins (2), helping to hold the myosin heads to the thick filament core (25) . These head-head and head-tail interactions have also been observed in vertebrate striated and cardiac myosins in the relaxed state (25) . For vertebrate striated muscle thick filaments, this motif is the structural basis for the helical order and the super relaxed state with very low ATPase activity (57) .
A functional consequence of the interacting heads in tarantula thick filaments which may in part be applicable to vertebrate striated muscles is that the RLCs of the two heads of each myosin have different susceptibilities to phosphorylation, and thus are sequentially phosphorylated and mobilized, depending on the activation level of the kinases (2, 6, 59) . In view of these findings, the structural changes observed in this study, which was performed under a relatively low concentration of Ca 2ϩ (pCa ϭ 6.8) and thus a low level of activation of MLCK, may result from a change in one of the two myosin heads that is more susceptible to phosphorylation than the other, thus making it more flexible and more likely to interact with actin than the other myosin head. This explanation is consistent with the relatively low level of phosphorylation observed in this study (Fig. 2) .
Mechanism of action of RLC phosphorylation at the molecular level. Experiments using RLC mutants suggest that RLC phosphorylation causes myosin heads to swing out towards thin filaments by destabilizing the electrostatic interactions between the RLC and the thick filament which hold the myosin heads close to the thick filament, and that reducing net charge in the N-terminal region of RLC adequately explains the enhanced force at low activating Ca 2ϩ in skinned fibers (63) . However, recent work on the conformation of the RLC in cardiac muscle using polarized fluorescence techniques showed that the orientation of the unphosphorylated RLC did not change during activation (27) , suggesting that the interaction between unphosphorylated RLC and the thick filament is maintained during crossbridge cycling. Further, the effect of phosphorylation of RLC allows movement of the crossbridge towards actin without completely detaching the RLC from the thick filament (26) .
There exists biochemical and biophysical evidence pointing to the existence of direct effects of RLC phosphorylation on the interaction between actin and myosin even when extracted from the filament lattice. The affinity of phosphorylated myosin for actin is about twofold higher than that for dephosphorylated myosin (39, 44, 46) . This is in sharp contrast to the weakening of this affinity by BDM (37) . Phosphorylated myosin also has a twofold higher affinity for ADP (15) , which most probably explains its increase in the myosin duty cycle and the consequent slowing of the maximal sliding velocity under unloaded conditions in motility assays (16) and in skinned fibers (28) . Further, phosphorylation ameliorates the slowing of velocity in motility assays under fatigue-like con-ditions (increased ADP, P i , and lowered pH) (15) as well as enhances maximal activated tension in skinned fibers under these conditions (13) . Davis et al. (11) made the important observation that phosphorylation of RLC partially reverses the inhibitory effect of BDM on tension in a fully activated skinned fiber, even though phosphorylation has no effect on maximally activated tension in the absence of BDM. Since BDM is known to inhibit the release of P i from A.M.ADP.Pi (37) , this observation led them to suggest that RLC phosphorylation accelerates the release of P i from A.M.ADP.Pi. In other words, BDM and RLC phosphorylation operate on the same step in the crossbridge cycle, namely, P i release, but in opposing directions. This notion is consistent with their opposite effects on the rate of crossbridge attachment (4, 38, 61) , the affinity of myosin for actin (37, 39) and the diffraction changes reported here. Since blebbistatin blocks P i release in the same way as BDM does, it is likely that RLC phosphorylation would also oppose the inhibitory action of blebbistatin on tetanic tension as BDM does (11) . Conversely, blebbistatin is likely to reverse significantly the phosphorylation-induced helical disorder of myosin heads.
Phosphorylation-induced enhancement of P i release in a relaxed fiber would lead to a shift in the equilibrium of myosin heads away from the M.ADP.Pi, the state associated with helical order (71) , towards the two disordered states which include a population of myosin heads weakly attached to actin (72) , thereby explaining the observed reduced thick filament helical order and increased equatorial (1,1/1,0) intensity ratio. Since myosin heads associated with the helical order are in a super relaxed state with very low myosin ATPase activity (57), moving myosin heads from this state to the relaxed state with higher ATPase activity would enhance the ATPase activity of resting muscle fibers. In an intact animal, this would contribute significantly to thermogenesis (9) . Phosphorylation-induced enhancement of P i release may also explain the amelioration of the slowing of velocity in motility assays (15) and the enhancement of maximal activated tension in skinned fibers under fatigue conditions (13) when crossbridge cycling is severely inhibited by the elevated ADP and Pi.
RLC phosphorylation enhances the affinity of myosin for ADP by twofold (15) , reflecting the stabilization of the M.ADP complex. This action may allow inorganic P i to dissociate from M.ADP.Pi complex more readily, which may contribute to the enhancement of actin-activated myosin ATPase activity (39, 44, 46) . However, the maximal actin-activated ATPase activity (V max ) remains unchanged (39, 44, 46) , possibly because the increased affinity of myosin for ADP slows the dissociation of ADP and so the detachment rate of attached crossbridges (43) , thereby limiting the enhancement of V max .
In summary, we show that in skinned mammalian fast muscle fibers, RLC phosphorylation is associated with X-ray diffraction changes in both layer lines and equatorial reflections, which provide strong structural evidence for the hypothesis that phosphorylation causes myosin heads to move from their regular helically arranged positions in thick filaments towards thin filaments, thereby facilitating actin myosin interaction. These findings provide new insights into the structural basis for the mechanism of the tension modification in the striated muscles. We also show that BDM has opposite effects on these diffraction changes, which can be accounted for by the hypothesis that BDM inhibits P i release from M.ADP.Pi complex, while RLC phosphorylation accelerates it.
ACKNOWLEDGMENTS
The X-ray diffraction experiments were performed at BL45XU in SPring8 with the approval of the Program Review Committee of the Japan Synchrotron Radiation Research Institute (JASRI; 2003A0416, 2004A0267). We are grateful to Dr. James Stull for supplying MLCK and CaM. We are also grateful to Dr. Tetsuro Fujisawa for help in the X-ray diffraction experiment and to Shizuko Syoji for preparing the experimental solutions. 
GRANTS
